Abstract: With soaring energy demands, the desire to explore alternate and renewable energy resources has become the focal point of various active research fronts. Therefore, the scientific community is revisiting the notion to tap wind resources in more rigorous and novel ways. In this study, a two-dimensional computational investigation of the vertical axis wind turbine (VAWT) with omni-direction-guide-vane (ODGV) is proposed to determine the effects of this guide vane. In addition, the mesh and time step (dt) size dependency test, as well as the effect of the different turbulence models on results accuracy are investigated. Eight different shape ratios (R) of the omni-direction-guide-vane were also examined in this study. Further, the CFD model is validated by comparing the numerical results with the experimental data. Validation results show a good agreement in terms of shape and trend in CFD simulation. Based on these results, all the shape ratios, except two ratios including 0.3 and 0.4 at TSR of 1.3 to 3, have a positive effect on the power and torque coefficient improvement. Moreover, results show that the best case has a shape ratio of 0.55, which improves the power coefficient by 48% and the torque coefficient up to 58%.
Introduction
Typically, wind turbines are classified into two general types based on their axis of rotation: horizontal axis wind turbines (HAWTs) and vertical axis wind turbines (VAWTs). Among these two types, HAWTs are usually better suited for large scale energy generation, while VAWTs are easier to install, omni-directional and better suited for small-scale and micro-scale energy generation projects [1] . With increasing energy generation from off-grid systems and grid supplementation, VAWTs have begun to play a major role in harvesting electricity from wind energy. Vertical axis wind turbines are usually well known to perform potentially better in urban regions compared with horizontal axis wind turbines due to the fact that vertical axis wind turbines do not require alignment to the oncoming flow. In urban regions the wind flow directions are typically continuously changing and this makes vertical axis wind turbines good candidates for harnessing this kind of multidirectional wind flow. The wind flow speed in urban regions is relatively low and also extremely turbulent, which adds extra complexity to the fluid flow structure [2] . The advantages of VAWTs include low noise, better aesthetics for integration into buildings, omni-directionality without a yaw control (less number of parts), less operating cost (the gearbox between rotor and generator is not required) and much more efficiency in turbulent environments [3] . Nowadays, It is widely agreed that VAWTs are more effective in urban areas [4, 5] . However, VAWTs have also some drawbacks, and possessing a low starting torque, high torque fluctuations and a complex flow are some of the issues which hold back the potential market of VAWTs. To overcome these disadvantages, some studies such as those of Chong et al. [6] [7] [8] [9] , Oman et al. [10] , and Thomas [11] , have recently introduced a device named the omni-direction-guide-vane (ODGV).
The complexity of the flow structures in VAWTs and cost of the experimental testing methods have led to an increase in the use of computational fluid dynamics (CFD) to simulate the flow characteristics and performance of VAWTs. Wang et al. [12] have used a barchans dune as a model to design the guide vanes of a wind turbine. They designed a lotus shaped guide vane as a decoration for urban areas. In that study, CFD was used to investigate the effects of different barchans dune skew angles. They also concluded that the use of the lotus shape guide vane could enhance the power coefficients above 120%. Nobile et al. [13] have simulated a VAWT with ODGV in a 2-D model by using an airfoil-shaped ODGV. The results of this study show that the torque and power coefficient could increase by up to 30% to 35%. In another study, the effect of an unsteady incoming wind on the performance of VAWTs has been investigated by Danao et al. [14] . Almohammadi et al. [15] validated the CFD simulation by using the Grid Convergence Index method, fitting method and mesh independent solution by means of the Richardson Extrapolation method. Pope et al. [16] have conducted experimental and numerical studies to determine the operating performance and power output of the VAWT. In this 2-D model, they used k-ε turbulence while for the 3-D model; Spalart-Allmaras equations were used. The effects of the guide vanes on the turbine's power output were presented. The simulation predicted a performance improvement of 13.5% by using the guide vane in the turbine. Takao et al. [17] focused on the different angles and distances between the turbine and the guide vane. These authors claimed that the power coefficient was improved 1.8-fold via a guide vane with an angle of 45˝. Furthermore, they concluded that the distance between the turbine and guide vane did not have any effect on the turbine performance. Some other previous studies [5, 8, 9, [18] [19] [20] [21] [22] [23] [24] [25] showed that by using a two-dimensional model, it is possible to predict the flow physics around the VAWT. A k-ω turbulence model 3-D model was also tested using coarse meshes, but due to the immense computational time requirements, this was considered impractical for this study. However, a review of the previous studies [26] [27] [28] shows that 3D simulations based on a k-e model are a suitable and fast method.
Typically, the role of blades has been considered as the most important issue of the previous studies in terms of VAWT; however some studies investigated the impact of geometry impacts via CFD simulation. As an example, the role of the unusual arms has been investigated by De Marco, Agostino, et al. [29] . The results of this study show that more power can be produced via a wind turbine with this structure of the arms. In addition, some other vertical axis turbines (hydro and wind) have been investigated in the previous decade [30, 31] . These studies scrutinized the mentioned effects on the performance of VAWTs by using different methods.
Regarding a ODGV which has been designed in a previous study [6] , the aim of this work was to figure out the effect of ODGV on the VAWT. This ODGV consists of four pairs of straight wall guide vanes, and the VAWT has five vertical blades with two supporting arms and a central shaft. In the first part, CFD simulation on the open rotor VAWT is conducted in order to select the acceptable mesh and time step (dt), and turbulence model. In the next step, the CFD results are validated with the experimental data. In third part, the augmented VAWT is scrutinized and effect of the ODGV on the VAWT is obtained. Finally, the effect of the ODGV shape ratio on the VAWT performance is illustrated. It should be stated that all of the simulations in this study have been performed via the ANSYS Fluent commercial software.
Operation Principles
The power performance of the VAWT can be explored and presented depending on the various tip-speed ratios (TSR) as below:
TSR "
Tip speed Wind speed " ωR rotor U 8 (1) where R rotor represents the rotor radius which is equal to 250 mm and ω is the rotational speed which varies from 9.6 rad/s to 72 rad/s and U 8 is the relative wind speed. Tip speed ratio for this study is varied from TSR = 0.393 (corresponding to the rotor angular velocity ω " 9.6 rad/s) to TSR = 3 (ω " 72 rad/s).
On the other hand, the Reynolds number is:
where, c is the airfoil chord, v represents air kinematic viscosity at 20˝C, U IF is the total velocity at the interface which defined by the expression:
where R g is the rotating domain radius, θ is the azimuth angle which is between θ " 0˝and θ " 360˝in one revolution of the turbine. In all range of the assumed TSRs, the Reynolds number is between R e " 4.7ˆ10 4 to R e " 2.5ˆ10 5 which is identified as a low Reynolds regime. Torque coefficient (C Q ) and power coefficient (C p ) have been employed to analyze the results. The power coefficient, denoted by C p , is a ratio of the power produced by the wind rotor to the power available at a specific wind speed. These two parameters are defined in Equations (4) and (5), respectively:
C Q " Torque 0.5ρU 8 2 R rotor A s (4)
where ρ is the air density, A s is the swept area of the turbine, U 8 is the inlet wind velocity and Torque is calculated from CFD simulation or experimental data. Torque is defined in Equation (6): Unsteady Reynolds-Averaged Navier-Stokes (RANS) equations have been solved via SIMPLE algorithm for the pressure and velocity coupling. Finite-Volume method with the second-order upwind scheme have been employed for discretization. The Navier-Stokes equations and continuity equation are defined in Equations (7) and (8) respectively:
∇.
Computational Setup

The VAWT Geometry
A 3-D model of the VAWT is generated by using the Solid Works CAD software, it is a straight-bladed Darrieus turbine with a rotor diameter of D R = 500 mm. The rotor consists of five blades, and each blade is attached to a central shaft by two supporting arms. Figure 1 shows a 3D model of the VAWT. Generally, in order to reduce the computational time and understand the effect of the ODGV on the VAWT, CFD simulation has been carried out on a 2-D model. This 2-D model was extracted from the middle section of the 3-D model. Therefore, the effect of the supporting arms and central shaft was not considered. The airfoil type in this VAWT is a FX 63-137. The pitch angle of the blades is set as 10 and the pressure center is located in the midsection of the blades 0.5c. The characteristics of the wind turbine and its airfoils are listed in Table 1 . 
Geometry of ODGV
As mentioned, the base design of the ODGV is considered from the previous study [6] . The ODGV comprises four sets of double straight walls. Figure 2 shows the 3-D model of the ODGV. Generally, in order to reduce the computational time and understand the effect of the ODGV on the VAWT, CFD simulation has been carried out on a 2-D model. This 2-D model was extracted from the middle section of the 3-D model. Therefore, the effect of the supporting arms and central shaft was not considered. The airfoil type in this VAWT is a FX 63-137. The pitch angle of the blades is set as 10a nd the pressure center is located in the midsection of the blades 0.5c. The characteristics of the wind turbine and its airfoils are listed in Table 1 . Table 1 . Properties of the wind turbine. .
Geometry of Turbine Dimensions
Geometry of ODGV
As mentioned, the base design of the ODGV is considered from the previous study [6] . The ODGV comprises four sets of double straight walls. Figure 2 shows the 3-D model of the ODGV. Generally, in order to reduce the computational time and understand the effect of the ODGV on the VAWT, CFD simulation has been carried out on a 2-D model. This 2-D model was extracted from the middle section of the 3-D model. Therefore, the effect of the supporting arms and central shaft was not considered. The airfoil type in this VAWT is a FX 63-137. The pitch angle of the blades is set as 10 and the pressure center is located in the midsection of the blades 0.5c. The characteristics of the wind turbine and its airfoils are listed in Table 1 . 
As mentioned, the base design of the ODGV is considered from the previous study [6] . The ODGV comprises four sets of double straight walls. Figure 2 shows the 3-D model of the ODGV. The 2-D model design is generated as below ( Figure 3 ): As can be seen from Figure 3 , eight different shape ratios are investigated. The internal diameter (Dinner) is 700 mm and the external diameter varies between 1000 mm and 2333 mm. The ODGV width is varied based on shape ratios and it is started from 187 mm for Rshape-ratio = 0.7 and reached to 895 mm for Rshape-ratio = 0.3. The shape ratio can be defined as below:
The Wind Tunnel Numerical Domain
Mohamed et al. [33] reported that the size of the wind tunnel affects the variation of rotor power coefficient. In addition, they recommended that the wind tunnel should be extended by at least 10 times the rotor diameter in each direction. Figure 4 indicates the domain of the wind tunnel. According to Figure 4 , the domain size is 20D from the inlet, 28D from the outlet and 12D from the sides; to avoid solid blockage in test domain. For the primary boundary condition, the inlet is set As can be seen from Figure 3 , eight different shape ratios are investigated. The internal diameter (D inner ) is 700 mm and the external diameter varies between 1000 mm and 2333 mm. The ODGV width is varied based on shape ratios and it is started from 187 mm for R shape-ratio = 0.7 and reached to 895 mm for R shape-ratio = 0.3. The shape ratio can be defined as below:
Mohamed et al. [33] reported that the size of the wind tunnel affects the variation of rotor power coefficient. In addition, they recommended that the wind tunnel should be extended by at least 10 times the rotor diameter in each direction. Figure 4 indicates the domain of the wind tunnel. As can be seen from Figure 3 , eight different shape ratios are investigated. The internal diameter (Dinner) is 700 mm and the external diameter varies between 1000 mm and 2333 mm. The ODGV width is varied based on shape ratios and it is started from 187 mm for Rshape-ratio = 0.7 and reached to 895 mm for Rshape-ratio = 0.3. The shape ratio can be defined as below:
Mohamed et al. [33] reported that the size of the wind tunnel affects the variation of rotor power coefficient. In addition, they recommended that the wind tunnel should be extended by at least 10 times the rotor diameter in each direction. Figure 4 indicates the domain of the wind tunnel. According to Figure 4 , the domain size is 20D from the inlet, 28D from the outlet and 12D from the sides; to avoid solid blockage in test domain. For the primary boundary condition, the inlet is set According to Figure 4 , the domain size is 20D from the inlet, 28D from the outlet and 12D from the sides; to avoid solid blockage in test domain. For the primary boundary condition, the inlet is set as a velocity inlet (6 m/s) with a constant wind velocity profile of 6 m/s, while the outlet is set as a pressure outlet (P outlet = 0) with atmospheric pressure value.
Regarding the ratio of wind tunnel frontal area to the test section frontal area, a very small solid blockage effect can be reported, this effect is corrected by Pope & Harper Blockage Correction equations [34] . The results of wind tunnel test have been obtained based on these corrections as below:
Wind tunnel frontal is 2ˆ1.5 = 3. Test section frontal area 0.5ˆ0.52 = 0.26
Model Frontal Area Test Section Area " 0.0216
Mesh Generation and Boundaries
As shown in Figure 4 , the 2-D fluid domain is composed of two distinct domains; a fixed rectangular outer domain with a circular aperture; and a circular inner domain to fit into the aperture. The fixed rectangular outer domain is identified as the wind tunnel domain, and the circular inner domain is identified as the rotational domain resembling the wind turbine. To create an accurate mesh around the rotating zone, the inside of the turbine is divided into sub sections. The control ellipses enclosed around the airfoils are depicted in Figure 5 . as a velocity inlet (6 m/s) with a constant wind velocity profile of 6 m/s, while the outlet is set as a pressure outlet (P outlet = 0) with atmospheric pressure value. Regarding the ratio of wind tunnel frontal area to the test section frontal area, a very small solid blockage effect can be reported, this effect is corrected by Pope & Harper Blockage Correction equations [34] . The results of wind tunnel test have been obtained based on these corrections as below:
Wind tunnel frontal is 2 × 1.5 = 3. Test section frontal area 0.5 × 0.52 = 0.26
As shown in Figure 4 , the 2-D fluid domain is composed of two distinct domains; a fixed rectangular outer domain with a circular aperture; and a circular inner domain to fit into the aperture. The fixed rectangular outer domain is identified as the wind tunnel domain, and the circular inner domain is identified as the rotational domain resembling the wind turbine. To create an accurate mesh around the rotating zone, the inside of the turbine is divided into sub sections. The control ellipses enclosed around the airfoils are depicted in Figure 5 . As can be seen from Figure 5 , the moving mesh approach has been employed to show the rotation zone and an interface boundary is created between the rotating and non-rotating sections. The same mesh density is selected for both sides of the interface to obtain faster convergence [32] . The initial position of the blades is also shown in Figure 5 . Blade 1 starts from 0    while the initial position of the blades number 2, 3, 4, 5 is θ 72°, 144°, 216°, 288° respectively. Considering the complexity of the geometry, unstructured mesh is chosen. The first and second size functions have been employed to generate mesh from blades and control elapse to the rotor interface respectively. The third functions have been used to generate mesh for the wind tunnel domain and the fourth size function produce mesh on the ODGV. These four functions have been defined in Table 2 . As can be seen from Figure 5 , the moving mesh approach has been employed to show the rotation zone and an interface boundary is created between the rotating and non-rotating sections. The same mesh density is selected for both sides of the interface to obtain faster convergence [32] . The initial position of the blades is also shown in Figure 5 . Blade 1 starts from θ " 0˝while the initial position of the blades number 2, 3, 4, 5 is θ " 72˝, 144˝, 216˝, 288˝respectively. Considering the complexity of the geometry, unstructured mesh is chosen. The first and second size functions have been employed to generate mesh from blades and control elapse to the rotor interface respectively. The third functions have been used to generate mesh for the wind tunnel domain and the fourth size function produce mesh on the ODGV. These four functions have been defined in Table 2 . The generation of mesh starts from the airfoils; 0.1 mm was considered as the optimum size of mesh around the airfoil after the mesh independency test. The mesh was expanded with the first size function with a ratio of 1.05 from 0.1 mm to 0.5 mm, which is indicated by Figure 6 . The generation of mesh starts from the airfoils; 0.1 mm was considered as the optimum size of mesh around the airfoil after the mesh independency test. The mesh was expanded with the first size function with a ratio of 1.05 from 0.1 mm to 0.5 mm, which is indicated by Figure 6 . In order to accurate capture the flow behavior and obtain a suitable Yplus range around the blades, ten boundary layers of the structural mesh are generated and illustrated in Figure 7 . In order to control the grid elements dimension near the blades, blades are enclosed in a control ellipse which is shown by Figure 8 . In order to accurate capture the flow behavior and obtain a suitable Y plus range around the blades, ten boundary layers of the structural mesh are generated and illustrated in Figure 7 . The generation of mesh starts from the airfoils; 0.1 mm was considered as the optimum size of mesh around the airfoil after the mesh independency test. The mesh was expanded with the first size function with a ratio of 1.05 from 0.1 mm to 0.5 mm, which is indicated by Figure 6 . In order to accurate capture the flow behavior and obtain a suitable Yplus range around the blades, ten boundary layers of the structural mesh are generated and illustrated in Figure 7 . In order to control the grid elements dimension near the blades, blades are enclosed in a control ellipse which is shown by Figure 8 . In order to control the grid elements dimension near the blades, blades are enclosed in a control ellipse which is shown by Figure 8 . The generation of mesh starts from the airfoils; 0.1 mm was considered as the optimum size of mesh around the airfoil after the mesh independency test. The mesh was expanded with the first size function with a ratio of 1.05 from 0.1 mm to 0.5 mm, which is indicated by Figure 6 . In order to accurate capture the flow behavior and obtain a suitable Yplus range around the blades, ten boundary layers of the structural mesh are generated and illustrated in Figure 7 . In order to control the grid elements dimension near the blades, blades are enclosed in a control ellipse which is shown by Figure 8 . Control ellipses unlike the interface, has no physical significance. The second size function with a ratio of 1.05, generates the mesh from control ellipse with mesh size of 0.5 mm to the rotational zone with mesh size of the 2 mm. last size function creates a mesh from the interface to the wind tunnel domain with a ratio of 1.05. Mesh was expanded from 2 mm to 200 mm in the wind turbine domain. After that with regards to the ODGV geometry, another size function has been used to cover the gap between ODGV and the interface with a ratio of 1.1 from 2 mm to 5 mm. In addition, the size of ODGV mesh in all cases is 5 mm.
Two symmetrical boundary conditions have been used for two side walls. To ensure the continuity of the flow field, the circumference around the turbine rotational axis was set as an interface, which is shown in Figure 5 . Testing domain was divided in to the two different zones by means of the interface around turbine. The rotational part of the VAWT and non-rotational part of the wind tunnel (including the ODGV and wind tunnel), were defined as the inner and outer zones, respectively. Between these two zones, the interface boundary is created to ensure the mesh connection between the rotational and wind tunnel zone.
On the other hand, one important criterion in every CFD simulation is the wall Y plus . It is important in turbulence modeling to determine the proper size of the cells near domain walls. The turbulence model wall laws have restrictions on the Y plus value at the wall. This dimensionless wall distance depends on the first cell height. In this study, Y plus values have been measured for the various positions of one airfoil between 0 and 1 for 5 different Azimuth angles including 0˝, 72˝, 144˝, 216a nd 288˝in TSR = 3. Figure 9 shows the result of the average value.
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Control ellipses unlike the interface, has no physical significance. The second size function with a ratio of 1.05, generates the mesh from control ellipse with mesh size of 0.5 mm to the rotational zone with mesh size of the 2 mm. last size function creates a mesh from the interface to the wind tunnel domain with a ratio of 1.05. Mesh was expanded from 2 mm to 200 mm in the wind turbine domain. After that with regards to the ODGV geometry, another size function has been used to cover the gap between ODGV and the interface with a ratio of 1.1 from 2 mm to 5 mm. In addition, the size of ODGV mesh in all cases is 5 mm.
On the other hand, one important criterion in every CFD simulation is the wall Yplus. It is important in turbulence modeling to determine the proper size of the cells near domain walls. The turbulence model wall laws have restrictions on the Yplus value at the wall. This dimensionless wall distance depends on the first cell height. In this study, Yplus values have been measured for the various positions of one airfoil between 0 and 1 for 5 different Azimuth angles including 0°, 72°, 144°, 216° and 288° in TSR = 3. Figure 9 shows the result of the average value. As it can be seen from Figure 9 , the maximum value for Yplus is reported for 144    at a range of 1.8. For the rest of the airfoil positions the Yplus range is less than 0.7 as can be observed.
The Flow Solver and Turbulence Model
The educational version of ANSYS FLUENT15 was employed to perform the CFD study on the aerodynamics of the VAWT. The numerical solver which has been used in this software, is based on the solving RANS equations and the finite-volume method. A main challenge in most of the CFD code is selection of the right turbulence model, which is highly dependent on the nature of the considered flow. Its mathematical nature can affect the computational resources, time and result accuracy. Wang et al. [35] have showed that Large Eddy Simulation (LES) and the RANS are the most common modelling approaches in the CFD simulations. Typically, the LES is appropriate for the 3-D simulations, while RANS method is suitable for 2-D numerical study. Three different RANS turbulence models are analyzed, namely the standard k   , the standard k   and, the k   Shear Stress Transport (SST) model. These three turbulence models are classified as two-equation turbulence models, as they include two extra transport equations to represent the turbulent As it can be seen from Figure 9 , the maximum value for Y plus is reported for θ " 144˝at a range of 1.8. For the rest of the airfoil positions the Y plus range is less than 0.7 as can be observed.
The educational version of ANSYS FLUENT15 was employed to perform the CFD study on the aerodynamics of the VAWT. The numerical solver which has been used in this software, is based on the solving RANS equations and the finite-volume method. A main challenge in most of the CFD code is selection of the right turbulence model, which is highly dependent on the nature of the considered flow. Its mathematical nature can affect the computational resources, time and result accuracy. Wang et al. [35] have showed that Large Eddy Simulation (LES) and the RANS are the most common modelling approaches in the CFD simulations. Typically, the LES is appropriate for the 3-D simulations, while RANS method is suitable for 2-D numerical study. Three different RANS turbulence models are analyzed, namely the standard k-ω , the standard k-ε and, the k-ω Shear Stress Transport (SST) model. These three turbulence models are classified as two-equation turbulence models, as they include two extra transport equations to represent the turbulent properties of the flow. One variable determines the energy in the turbulence, while the other variable considers the scale of the turbulence.
Mesh Dependency Study
The full 2-D model of a vertical axis wind turbine have been widely analysed by a large number of researchers who achieved a mesh independent solution before considering the full 3-D model. McLaren et al. [36] carried out a mesh independency study with 989 elements on each airfoil and a total mesh count of 485,000 nodes. A systematic refinement of the mesh from 600,000 to 1,000,000 cells was performed by Castelli [37] to obtain a mesh independent solution. It is important to highlight that coarse meshes in range of 100,000 to 300,000 cells, were employed by some researchers such as [38] [39] [40] [41] . In these cases, a non-transitional model was applied for the airfoil when number of the cells on surface is fixed. Although this model resulted in a smooth solution, it is not required to have a mesh independent solution. Therefore, a further mesh independency analysis was required in this situation. A more detailed mesh independency study was performed by Maître et al. [42] who systematically employed seven various cases. However, six of these cases were exactly have the same number of cells on the blades which means that this mesh independent solution was not accurate.
The accuracy of the CFD simulation is highly dependent on the quality of the mesh. To determine this effect, large number of simulations have been carried out in this studies. Table 2 shows mesh properties in different situations.
Torque and power coefficients (C P and C Q ) of the VAWT were tested by using five different types of mesh when the TSR is 0.654, with wind speed U 8 " 6 m{s. Figure 10 shows the C Q generation versus the azimuth angle at TSR = 0.654 in different types of meshes. properties of the flow. One variable determines the energy in the turbulence, while the other variable considers the scale of the turbulence.
Torque and power coefficients (CP and CQ) of the VAWT were tested by using five different types of mesh when the TSR is 0.654, with wind speed 6 m/s U   . Figure 10 shows the CQ generation versus the azimuth angle at TSR = 0.654 in different types of meshes. As can be seen from Figure 10 , M4 and M5 have almost same results for initial azimuth positions θ " 0˝and θ " 100˝. However, increasing the number of cells leads to a significant difference in the C Q between M1 and M3. It can clearly be observed that the maximum generation of energy is at θ " 65˝and the negative value for C Q is reported for all cases when the blade is between θ " 200a nd θ " 360˝. Figure 11 shows the variation of the power coefficient for different types of mesh in TSR = 0.654. In addition, Figure 11 shows M4 and M5 generate maximum CP and also the difference of the CP is small in these two meshes. Therefore, the M4 results show the most appropriate results.
Time Dependency Study
Based on a previous research by Qin et al. [43] , the convergence of the CFD simulation depends on choosing the right time step (dt). Therefore, three different time steps based on the rotational speed of the VAWT, have been examined to achieve a good and reliable result. The largest time step is equal to 2°ω −1 (the time equivalent to two degrees of one revolution) which is equal to 180 steps per one rotation. While the second time step is half of the first one (dt = 1°ω −1 which means 360 step per one rotation), and the third one is (dt = 0.5°ω −1 which represents 720 step per one rotation), when the TSR is 0.654. Figure 11 shows the time dependency which has been employed in this study. As shown in Figure 12 , there is a very small difference in the results of the CQ in case of dt = 1°ω −1 and 0.5°ω −1 . Hence, dt = 1°ω −1 is selected for the successive numerical simulations in order to reduce the computational time to minimum. 
Turbulence Model Study
In order to choose the best turbulence model, three different RANS turbulence models were investigated; namely, Standard k-ɛ, Standard k-ɷ and transition SST. All simulations in this part have In addition, Figure 11 shows M4 and M5 generate maximum C P and also the difference of the C P is small in these two meshes. Therefore, the M4 results show the most appropriate results.
Time Dependency Study
Based on a previous research by Qin et al. [43] , the convergence of the CFD simulation depends on choosing the right time step (dt). Therefore, three different time steps based on the rotational speed of the VAWT, have been examined to achieve a good and reliable result. The largest time step is equal to 2˝ω´1 (the time equivalent to two degrees of one revolution) which is equal to 180 steps per one rotation. While the second time step is half of the first one (dt = 1˝ω´1 which means 360 step per one rotation), and the third one is (dt = 0.5˝ω´1 which represents 720 step per one rotation), when the TSR is 0.654. Figure 11 shows the time dependency which has been employed in this study. As shown in Figure 12 , there is a very small difference in the results of the C Q in case of dt = 1˝ω´1 and 0.5˝ω´1. Hence, dt = 1˝ω´1 is selected for the successive numerical simulations in order to reduce the computational time to minimum. In addition, Figure 11 shows M4 and M5 generate maximum CP and also the difference of the CP is small in these two meshes. Therefore, the M4 results show the most appropriate results.
Turbulence Model Study
In order to choose the best turbulence model, three different RANS turbulence models were investigated; namely, Standard k-ɛ, Standard k-ɷ and transition SST. All simulations in this part have 
In order to choose the best turbulence model, three different RANS turbulence models were investigated; namely, Standard k-ε, Standard k-ω and transition SST. All simulations in this part have been done with the time step equals to 1˝ω´1 at TSR of 0.654. Figure 13 shows the obtained torque coefficient of VAWT using different turbulence models. Figure 13 shows the obtained torque coefficient of VAWT using different turbulence models. As it is manifested, there are very small dissimilarities in the downstream flow between the Standard k-ɷ and the transition SST, and same results can be observed in the upstream area for both models. The standard K-ɛ models do not provide good results for the upstream flow when comparing to the standard k-ɷ and transition SST models. A similar outcome has been obtained in other related literature, such as [6, 9, 13, 44] . Considering the results of the simulations in different turbulence models, transitional k-ɷ SST model was chosen as a proper turbulence model for the rest of the simulations.
CFD Validation
The numerical study has been validated by the experimental data to verify the accuracy of the CFD results. For this purpose, a wind tunnel testing was conducted at the Aeronautics Laboratory in University Technology Malaysia. Figure 14 indicates configuration of the testing unit in this wind tunnel. As shown in Figure 15 , wind tunnel testing was conducted for a turbine consisting of five blades with a section profile of FX63-137. For this test, the blade chord length was designed as 78 mm in a H-rotor wind turbine with 500 mm rotor diameter and a height of 350 mm. As it is manifested, there are very small dissimilarities in the downstream flow between the Standard k-ω and the transition SST, and same results can be observed in the upstream area for both models. The standard k-ε models do not provide good results for the upstream flow when comparing to the standard k-ω and transition SST models. A similar outcome has been obtained in other related literature, such as [6, 9, 13, 44] . Considering the results of the simulations in different turbulence models, transitional k-ω SST model was chosen as a proper turbulence model for the rest of the simulations.
The numerical study has been validated by the experimental data to verify the accuracy of the CFD results. For this purpose, a wind tunnel testing was conducted at the Aeronautics Laboratory in University Technology Malaysia. Figure 14 indicates configuration of the testing unit in this wind tunnel. As shown in Figure 15 , wind tunnel testing was conducted for a turbine consisting of five blades with a section profile of FX63-137. For this test, the blade chord length was designed as 78 mm in a H-rotor wind turbine with 500 mm rotor diameter and a height of 350 mm. at TSR of 0.654. Figure 13 shows the obtained torque coefficient of VAWT using different turbulence models. As it is manifested, there are very small dissimilarities in the downstream flow between the Standard k-ɷ and the transition SST, and same results can be observed in the upstream area for both models. The standard K-ɛ models do not provide good results for the upstream flow when comparing to the standard k-ɷ and transition SST models. A similar outcome has been obtained in other related literature, such as [6, 9, 13, 44] . Considering the results of the simulations in different turbulence models, transitional k-ɷ SST model was chosen as a proper turbulence model for the rest of the simulations.
The numerical study has been validated by the experimental data to verify the accuracy of the CFD results. For this purpose, a wind tunnel testing was conducted at the Aeronautics Laboratory in University Technology Malaysia. Figure 14 indicates configuration of the testing unit in this wind tunnel. As shown in Figure 15 , wind tunnel testing was conducted for a turbine consisting of five blades with a section profile of FX63-137. For this test, the blade chord length was designed as 78 mm in a H-rotor wind turbine with 500 mm rotor diameter and a height of 350 mm. An identical wind speed, i.e., 6 m/s, was used in the following experiment to compare the rotational speed (RPM) and power generated by the wind turbine. The rotational speed, torque and power generation were measured via a transducer, which is connected in-line with the rotor shaft of the wind turbine. The load is applied on the rotor shaft by adjusting the hysteresis brake. The maximum torque experienced by the rotor at the particular wind speed was recorded when the highest load had been applied on the rotor which RPM is stabilized (the rotor RPM can be maintained). Two types of bearings were employed in the rotor shaft connection and fitting including. A tapered roller bearing and a deep groove ball one. The experimental results of wind tunnel testing has been compared with CFD simulation results and shown as below ( Figure 15 An identical wind speed, i.e., 6 m/s, was used in the following experiment to compare the rotational speed (RPM) and power generated by the wind turbine. The rotational speed, torque and power generation were measured via a transducer, which is connected in-line with the rotor shaft of the wind turbine. The load is applied on the rotor shaft by adjusting the hysteresis brake. The maximum torque experienced by the rotor at the particular wind speed was recorded when the highest load had been applied on the rotor which RPM is stabilized (the rotor RPM can be maintained). Two types of bearings were employed in the rotor shaft connection and fitting including. A tapered roller bearing and a deep groove ball one. The experimental results of wind tunnel testing has been compared with CFD simulation results and shown as below ( Figure 15 ): Figure 15 . Results of the coefficient of the power in wind tunnel experimental test data compared to the CFD simulation. Figure 15 shows the differences between the CFD simulation and the experimental data of the open rotor VAWT. Based on this figure, a similar trend can be observed between the CFD simulation and the experimental results and they are in good agreement.
This trend and differences have been also observed by previous studies. Nobile et al. [13] and Castelli et al. [37] reported almost the same differences between CFD and the experimental data. They mentioned that this dissimilarity could be related to the tip vertices effect, blade length and spoke drag which are not considered in a 2-D simulation. Furthermore, in this study the effect of two supporting arms and central shaft was neglected. Therefore these assumptions are bound to create some differences in the prediction of the CFD results and to the actual experimental ones.
Results
Case 1: Open Rotor
In this section, the numerical results of the different cases are analyzed and some simulations are performed at TSR between 0.393 and 3, to observe the variation of turbine performance based on rotational speed. For visualization of the flow field, the magnitude of the velocity contours and power coefficient graph are also plotted. In addition, the oscillation of the CQ in one rotation for all five individual blades accompanied by their total at TSR = 0.654, is illustrated by Figure 16 . This trend and differences have been also observed by previous studies. Nobile et al. [13] and Castelli et al. [37] reported almost the same differences between CFD and the experimental data. They mentioned that this dissimilarity could be related to the tip vertices effect, blade length and spoke drag which are not considered in a 2-D simulation. Furthermore, in this study the effect of two supporting arms and central shaft was neglected. Therefore these assumptions are bound to create some differences in the prediction of the CFD results and to the actual experimental ones.
Results
Case 1: Open Rotor
In this section, the numerical results of the different cases are analyzed and some simulations are performed at TSR between 0.393 and 3, to observe the variation of turbine performance based on rotational speed. For visualization of the flow field, the magnitude of the velocity contours and power coefficient graph are also plotted. In addition, the oscillation of the C Q in one rotation for all five individual blades accompanied by their total at TSR = 0.654, is illustrated by Figure 16 . It can be seen that the maximum torque for the first blade has been achieved at the azimuth angle θ 60°. After the peak, the drag begins to increase as the blade enters into a dynamic stall, and the drag starts to be dominant until the azimuth angle of θ 110°. Again a positive torque was reported between the azimuth angle of θ 110° and θ 200°. After θ 200° a negative torque was generated by the blade and the drag force is again dominant until θ 5°. The overall torque generation for the five blades in the open rotor case is reported by dashed lines in Figure 16 . As well, Figure 17 shows the variation of the CQ on a single blade at different tip speed ratios during one rotation. These results have been achieved from the simulation of the open rotor (only VAWT) without using ODGV when the wind speed is as much as 6 m/s. It is apparent from Figure 17 that by increasing the tip speed ratio, CQ shows a different behavior. After the azimuth angle of θ 200°, in almost all TSRs, a negative CQ can be observed. The maximum negative CQ is achieved in TSR = 3. On the other hand, the unsteady flow field is expected to be complex, particularly due to the wake effect. This effect can be seen from the velocity contour in Figure 18 . It can be seen that the maximum torque for the first blade has been achieved at the azimuth angle o f θ " 60˝. After the peak, the drag begins to increase as the blade enters into a dynamic stall, and the drag starts to be dominant until the azimuth angle of θ " 110˝. Again a positive torque was reported between the azimuth angle of θ " 110˝and θ " 200˝. After θ " 200˝a negative torque was generated by the blade and the drag force is again dominant until θ " 5˝. The overall torque generation for the five blades in the open rotor case is reported by dashed lines in Figure 16 . As well, Figure 17 shows the variation of the C Q on a single blade at different tip speed ratios during one rotation. It can be seen that the maximum torque for the first blade has been achieved at the azimuth angle θ 60°. After the peak, the drag begins to increase as the blade enters into a dynamic stall, and the drag starts to be dominant until the azimuth angle of θ 110°. Again a positive torque was reported between the azimuth angle of θ 110° and θ 200°. After θ 200° a negative torque was generated by the blade and the drag force is again dominant until θ 5°. The overall torque generation for the five blades in the open rotor case is reported by dashed lines in Figure 16 . As well, Figure 17 shows the variation of the CQ on a single blade at different tip speed ratios during one rotation. These results have been achieved from the simulation of the open rotor (only VAWT) without using ODGV when the wind speed is as much as 6 m/s. It is apparent from Figure 17 that by increasing the tip speed ratio, CQ shows a different behavior. After the azimuth angle of θ 200°, in almost all TSRs, a negative CQ can be observed. The maximum negative CQ is achieved in TSR = 3. On the other hand, the unsteady flow field is expected to be complex, particularly due to the wake effect. This effect can be seen from the velocity contour in Figure 18 . These results have been achieved from the simulation of the open rotor (only VAWT) without using ODGV when the wind speed is as much as 6 m/s. It is apparent from Figure 17 that by increasing the tip speed ratio, C Q shows a different behavior. After the azimuth angle of θ " 200˝, in almost all TSRs, a negative C Q can be observed. The maximum negative C Q is achieved in TSR = 3.
On the other hand, the unsteady flow field is expected to be complex, particularly due to the wake effect. This effect can be seen from the velocity contour in Figure 18 . As can be seen from Figure 18 , the wake from the leading blade interacts with the following blades and velocity can reach to velocities even more than 9 (m/s). In order to perceive the effect of TSR on turbine performance, the average torque coefficients achieved in different TSRs are depicted in Figure19. According to this figure, TSR and CQ are in a direct relationship when the TSR is between 0.393 and 1.5. However, TSR and CQ trends are oposite when for TSRs are greater than 1.5. The maximum value of the CQ has been achieved when TSR is 1.5.
Case 2: Augmented Rotor and Open Rotor
In Case 2, the power output of an augmented rotor has been compared with an open rotor and effect of ODGV on the VAWT is investigated for a constant shape ratio. In this case, the shape ratio for the ODGV was fixed at 0.55, the outer diameter of the ODGV was 1272 mm and nine different TSRs for both the open rotor and the augmented rotor have been tested to assess the influence of ODGV on VAWT performances. On the other hand, like most numerical iteration methods, a suitable convergence criterion is required for accurate simulation results. Indeed, the results are completely changed by changing the convergence criterion. The convergence criterion is a general concept which cannot be obtained precisely when the model is non-linear model and it is typically employed to As can be seen from Figure 18 , the wake from the leading blade interacts with the following blades and velocity can reach to velocities even more than 9 (m/s). In order to perceive the effect of TSR on turbine performance, the average torque coefficients achieved in different TSRs are depicted in Figure 19 . As can be seen from Figure 18 , the wake from the leading blade interacts with the following blades and velocity can reach to velocities even more than 9 (m/s). In order to perceive the effect of TSR on turbine performance, the average torque coefficients achieved in different TSRs are depicted in Figure19. According to this figure, TSR and CQ are in a direct relationship when the TSR is between 0.393 and 1.5. However, TSR and CQ trends are oposite when for TSRs are greater than 1.5. The maximum value of the CQ has been achieved when TSR is 1.5.
In Case 2, the power output of an augmented rotor has been compared with an open rotor and effect of ODGV on the VAWT is investigated for a constant shape ratio. In this case, the shape ratio for the ODGV was fixed at 0.55, the outer diameter of the ODGV was 1272 mm and nine different TSRs for both the open rotor and the augmented rotor have been tested to assess the influence of ODGV on VAWT performances. On the other hand, like most numerical iteration methods, a suitable convergence criterion is required for accurate simulation results. Indeed, the results are completely changed by changing the convergence criterion. The convergence criterion is a general concept which cannot be obtained precisely when the model is non-linear model and it is typically employed to According to this figure, TSR and C Q are in a direct relationship when the TSR is between 0.393 and 1.5. However, TSR and C Q trends are oposite when for TSRs are greater than 1.5. The maximum value of the C Q has been achieved when TSR is 1.5.
In Case 2, the power output of an augmented rotor has been compared with an open rotor and effect of ODGV on the VAWT is investigated for a constant shape ratio. In this case, the shape ratio for the ODGV was fixed at 0.55, the outer diameter of the ODGV was 1272 mm and nine different TSRs for both the open rotor and the augmented rotor have been tested to assess the influence of ODGV on VAWT performances. On the other hand, like most numerical iteration methods, a suitable convergence criterion is required for accurate simulation results. Indeed, the results are completely changed by changing the convergence criterion. The convergence criterion is a general concept which cannot be obtained precisely when the model is non-linear model and it is typically employed to eradicate non-linearity in the numerical solution. Typically, it has been chosen between 10´3 and 10´5, in this study the criterion is selected as a minimum error. In this study, the convergence criterion is selected 10´5 as a reseonable amount. Figure 20 shows a variation of the C Q versus azimuth angle for the open and augmented rotor.
eradicate non-linearity in the numerical solution. Typically, it has been chosen between 10 −3 and 10 −5 , in this study the criterion is selected as a minimum error. In this study, the convergence criterion is selected 10 −5 as a reseonable amount. Figure 20 shows the augmented rotor while the solid line indicates only the VAWT without using ODGV. The results are achieved for TSR = 0.654 for both the open and augmented rotor. Regarding the turbulence model as discussed in the previous section, SST Transient was selected and dt = 1°ω −1 was set for the time step during the simulation. Clearly, it can be seen from the results that the torque coefficients of the rotor have been significantly improved by using OGDV. This effect is mostly apparent when the azimuth angle is between 0° and 160°. Three general peaks were reported in the augmented rotor. The maximum CQ for the augmented rotor is achieved when the azimuth angle is 85 while for the open rotor it is 60°. The second peak of the augmented rotor is at θ = 150° and the last one is at θ = 190°. In addition, using ODGV has decreased the amount of the negative torque generation after the azimuth angle of 200°. The same simulations have also been conducted at 4 different other TSRs including 1, 1.5, 2 and 3. The results of these simulations are illustrated by Figures 21-24 . The dashed line in Figure 20 shows the augmented rotor while the solid line indicates only the VAWT without using ODGV. The results are achieved for TSR = 0.654 for both the open and augmented rotor. Regarding the turbulence model as discussed in the previous section, SST Transient was selected and dt = 1˝ω´1 was set for the time step during the simulation. Clearly, it can be seen from the results that the torque coefficients of the rotor have been significantly improved by using OGDV. This effect is mostly apparent when the azimuth angle is between 0˝and 160˝. Three general peaks were reported in the augmented rotor. The maximum C Q for the augmented rotor is achieved when the azimuth angle is 85˝while for the open rotor it is 60˝. The second peak of the augmented rotor is at θ = 150a nd the last one is at θ = 190˝. In addition, using ODGV has decreased the amount of the negative torque generation after the azimuth angle of 200˝. The same simulations have also been conducted at 4 different other TSRs including 1, 1.5, 2 and 3. The results of these simulations are illustrated by Figures 21-24 . eradicate non-linearity in the numerical solution. Typically, it has been chosen between 10 −3 and 10 −5 , in this study the criterion is selected as a minimum error. In this study, the convergence criterion is selected 10 −5 as a reseonable amount. Figure 20 shows a variation of the CQ versus azimuth angle for the open and augmented rotor. The dashed line in Figure 20 shows the augmented rotor while the solid line indicates only the VAWT without using ODGV. The results are achieved for TSR = 0.654 for both the open and augmented rotor. Regarding the turbulence model as discussed in the previous section, SST Transient was selected and dt = 1°ω −1 was set for the time step during the simulation. Clearly, it can be seen from the results that the torque coefficients of the rotor have been significantly improved by using OGDV. This effect is mostly apparent when the azimuth angle is between 0° and 160°. Three general peaks were reported in the augmented rotor. The maximum CQ for the augmented rotor is achieved when the azimuth angle is 85 while for the open rotor it is 60°. The second peak of the augmented rotor is at θ = 150° and the last one is at θ = 190°. In addition, using ODGV has decreased the amount of the negative torque generation after the azimuth angle of 200°. The same simulations have also been conducted at 4 different other TSRs including 1, 1.5, 2 and 3. The results of these simulations are illustrated by Figures 21-24 . It can be seen from Figure 26 , ODGV can help to improve the Cp in all ranges of the TSRs. The maximum Cp, as mentioned in the case 1, was achieved for the open rotor during the TSR of 1.5 to 2. The same trend was reported for the augmented rotor by improving the average power coefficient around 48% compared to the open rotor.
The dashed line in
Case 3: ODGV with Different Shape Ratios
The effect of the shape ratio of the ODGV on VAWT have been investigated in case 3. Eight different shape ratios between 0.3 and 0.7, were tested in respect of the outer diameter of the ODGV. 
The effect of the shape ratio of the ODGV on VAWT have been investigated in case 3. Eight different shape ratios between 0.3 and 0.7, were tested in respect of the outer diameter of the ODGV. It can be seen from Figure 26 , ODGV can help to improve the C p in all ranges of the TSRs. The maximum C p , as mentioned in the case 1, was achieved for the open rotor during the TSR of 1.5 to 2. The same trend was reported for the augmented rotor by improving the average power coefficient around 48% compared to the open rotor.
The effect of the shape ratio of the ODGV on VAWT have been investigated in case 3. Eight different shape ratios between 0.3 and 0.7, were tested in respect of the outer diameter of the ODGV.
The biggest shape ratio is 0.3 with a diameter of 2333 mm and the smallest one is 0.7 with an outer diameter for the ODGV of 1000 mm. The torque coefficient, power coefficient and velocity contour in different shape ratios were calculated in this step. Overall 72 simulations are conducted that among these simulation eight different shape ratios in nine different TSRs were simulated. Each simulation for the augmented rotor takes around 18 h and every simulation stabilizes and converges after ten revolutions. Figure 27 shows the C Q versus the azimuth angle for both the open and augmented rotor with different shape ratios.
The biggest shape ratio is 0.3 with a diameter of 2333 mm and the smallest one is 0.7 with an outer diameter for the ODGV of 1000 mm. The torque coefficient, power coefficient and velocity contour in different shape ratios were calculated in this step. Overall 72 simulations are conducted that among these simulation eight different shape ratios in nine different TSRs were simulated. Each simulation for the augmented rotor takes around 18 h and every simulation stabilizes and converges after ten revolutions. Figure 27 shows the CQ versus the azimuth angle for both the open and augmented rotor with different shape ratios. As shown in Figure 27 , the highest CQ is generated between the azimuth angles of As can be seen from this figure, the shape ratios between 0.3 and 0.4 have a negative effect on the CQ after TSR of 1.2. The best performance was achieved by using the ODGV with the shape ratio As shown in Figure 27 , the highest C Q is generated between the azimuth angles of θ " 0˝0 to θ " 105˝. It can clearly be seen that the C Q for the shape ratios between 0.3 and 0.5 is lower than the open rotor, while C Q is higher than open rotor in the shape ratio between 0.7 and 0.55. Between the azimuth angles θ " 105˝and θ " 205˝for the shape ratios of 0.7 to 0.5, the peak for C Q is higher than the open rotor, while for 0.45 to 0.3, this amount is lower. From the azimuth angles between θ " 205a nd θ " 360˝, a positive effect on C Q can be reported for all shape ratios. In addition, the torque coefficient variations have been observed for different shape ratios (R) based on TSR between 0 and 3. These results are illustrated by Figure 28 . The biggest shape ratio is 0.3 with a diameter of 2333 mm and the smallest one is 0.7 with an outer diameter for the ODGV of 1000 mm. The torque coefficient, power coefficient and velocity contour in different shape ratios were calculated in this step. Overall 72 simulations are conducted that among these simulation eight different shape ratios in nine different TSRs were simulated. Each simulation for the augmented rotor takes around 18 h and every simulation stabilizes and converges after ten revolutions. Figure 27 shows the CQ versus the azimuth angle for both the open and augmented rotor with different shape ratios. As shown in Figure 27 , the highest CQ is generated between the azimuth angles of As can be seen from this figure, the shape ratios between 0.3 and 0.4 have a negative effect on the CQ after TSR of 1.2. The best performance was achieved by using the ODGV with the shape ratio As can be seen from this figure, the shape ratios between 0.3 and 0.4 have a negative effect on the C Q after TSR of 1.2. The best performance was achieved by using the ODGV with the shape ratio of 0.55, as indicated by a 58% overall enhancement in the averaged C Q . However, between TSR of 2.5 to 3, all of the shape ratios over 0.5 show a similar effect on the C Q . Figure The highest maximum CP was achieved when the shape ratio is 0.55. Moreover, the power outputs have not been improved the shape ratios 0.4 and 0.3, these values caused lower performance compared to an open rotor.
The effect of the ODGV on the flow behavior of the VAWT is shown in Figure 31 . This result is achieved by using ODGV with a shape ratio of 0.55 at TSR = 0.654 with a constant wind velocity of 6 m/s. A comparison between Figure 18 and Figure 31 shows that in the augmented case, the size of the vortices behind the airfoils is significantly reduced. Figure 30 indicates the maximum C P enhancement provided by each shape ratio. The highest maximum CP was achieved when the shape ratio is 0.55. Moreover, the power outputs have not been improved the shape ratios 0.4 and 0.3, these values caused lower performance compared to an open rotor.
The effect of the ODGV on the flow behavior of the VAWT is shown in Figure 31 . This result is achieved by using ODGV with a shape ratio of 0.55 at TSR = 0.654 with a constant wind velocity of 6 m/s. A comparison between Figure 18 and Figure 31 shows that in the augmented case, the size of the vortices behind the airfoils is significantly reduced. The highest maximum C P was achieved when the shape ratio is 0.55. Moreover, the power outputs have not been improved the shape ratios 0.4 and 0.3, these values caused lower performance compared to an open rotor.
The effect of the ODGV on the flow behavior of the VAWT is shown in Figure 31 . This result is achieved by using ODGV with a shape ratio of 0.55 at TSR = 0.654 with a constant wind velocity of 6 m/s. A comparison between Figures 18 and 31 shows that in the augmented case, the size of the vortices behind the airfoils is significantly reduced. 
Comparison with Previous Study Results
The improvement of the average power and torque coefficients (CP and CQ) in this study has been compared with previous study wich has been conducted by Nobile et al. [13] . Figures 32 and 33 show comparisons of the power and torque coefficients, respectively. 
Discussion
This study shows that the CFD tool can predict the flow behavior around the VAWT provided the turbulence model, mesh resolution and time step are carefully selected. The accuracy of the CFD Figure 31 . Contour of velocity magnitude for augmented rotor.
Comparison with Previous Study Results
The improvement of the average power and torque coefficients (C P and C Q ) in this study has been compared with previous study wich has been conducted by Nobile et al. [13] . Figures 32 and 33 show comparisons of the power and torque coefficients, respectively. 
Discussion
This study shows that the CFD tool can predict the flow behavior around the VAWT provided the turbulence model, mesh resolution and time step are carefully selected. The accuracy of the CFD Figure 32 . Comparison of the C P average improvement in this study with the Nobile et al. [13] . 
Comparison with Previous Study Results
Discussion
This study shows that the CFD tool can predict the flow behavior around the VAWT provided the turbulence model, mesh resolution and time step are carefully selected. The accuracy of the CFD Figure 33 . Comparison of the C Q average improvement in this study with the Nobile et al. [13] .
This study shows that the CFD tool can predict the flow behavior around the VAWT provided the turbulence model, mesh resolution and time step are carefully selected. The accuracy of the CFD was examined and compared with the experimental data to validate the CFD simulation. In addition, this study shows the effect of ODGV size on the VAWT.
As it can be seen from Figure 10 , the size of the mesh is the most critical aspect of the CFD simulation to achieve accurate results. The cells or elements in the CFD simulation should be small around the boundary layers on the blades and ODGV walls to capture flow behavior. At the same time it should be sufficiently big to avoid over-resolving regions of little interest.
Validation of the CFD results in Figure 15 shows a good agreement between the experimental data and the CFD simulation. The overall differences between the experimental data and CFD results are due to the effects of the tip vortices are neglected in the 2-D simulation.
Definitely, choosing the proper turbulence model plays a significant role in CFD simulation. In this study, three different turbulence models; namely k-ε model, k-ω and k-ω, SST, are examined to determine the best and most reliable turbulence model. Among these three models, k-ω, SST has the best results in terms of accuracy. Even though, the simulation time was significantly decreased by using the k-ε model, however the obtained results are not accurate enough owing to the fact that this model cannot precisely predict the flow the generated lift. Therefore, k-ω, SST is selected for the successive analysis of the VAWT and ODGV.
A time dependency study was performed in order to reduce the simulation time without compromising the accuracy of the results. Three different time steps were examined; 0.5˝ω´1, 1˝ω´1 and 2˝ω´1 (time for one degree equivalent rotation). Among these three time steps, 2˝ω´1 was the worst case and there is a very small difference in the results for the C m between 0.5˝ω´1 and 1˝ω´1, therefore, a time step of 1˝ω´1 was selected for the successive numerical simulations in order to reduce the computational time.
Three different cases including open rotor, augmented rotor with fixed shape ratio, and augmented rotor with different shape ratios have been simulated in this study. In the first case, the open rotor VAWT numerical simulation over a range of TSR magnitudes from 0.393 to 3 were performed to observe the variation in turbine performance with changing rotational speeds. The total torque and power coefficients in the mentioned TSRs are calculated.
In the second case, the power output of an augmented rotor was compared to an open rotor. This case investigates the ODGV effect on the VAWT in a constant shape ratio. In this case, the shape ratio for ODGV was fixed at 0.55, so the outer diameter of the ODGV is 1272 mm and nine different TSRs for both VAWT and augmented rotor have been tested. The maximum torque coefficient for the augmented rotor was achieved when the azimuth angle is θ " 85˝while for the open rotor it occurs at θ " 60˝. It was also observed that the average of torque coefficient has been increased by 58% when compared to the open rotor. The power coefficient (C p ) was also reported and it shows that the C p has been improved by using ODGV in all ranges of the TSRs. The maximum C p , as mentioned in case 1, was achieved for the open rotor during the TSR of 1.5 to 2. The same trend was reported for the augmented rotor by increasing the average power coefficient around 48% compared to the open rotor VAWT.
In case 3, the effect of the ODGV shape ratio on VAWT was investigated. Eight different shape ratios between 0.3 and 0.7, which represent the outer diameter of the ODGV, were simulated. The biggest shape ratio is 0.3 with a diameter of 2333 mm and the smallest one is 0.7 with an outer ODGV diameter of 1000 mm. Eight different shape ratios in nine different TSRs were simulated.
Conclusions
In this study, the performance of the VAWT with and without using ODGV was presented. In the first part of this study, an open rotor VAWT was examined in order to determine the best and proper mesh, turbulence model, and time step. The CFD results were validated by comparing with the experimental data. In the next step, the open rotor VAWT and augmented turbine were compared, and the performance of the augmented turbine was examined to present the torque and power coefficients. The results showed that using ODGV could increase the average power coefficient by up to 48%.
The last study in this paper concerned the effect of the shape ratio of the ODGV on the performance of the VAWT, in which 72 simulations were performed to determine the best shape ratio for nine different tip speed ratios. The results showed that except for the two shape ratios, 0.3 and 0.4, all the other ratios had a positive effect on the coefficient of the power and torque. The results showed that a shape ratio of 0.55 had the highest improvement on the average power coefficient by 48% and the average torque coefficient by 58%.
